Thirty-five sewage sludge samples collected across Canada were analyzed for 18 polycyclic aromatic hydrocarbons (PAHs), 17 congeners of polychlorinated biphenyls (PCBs) and seven selected chlorinated compounds. Samples were prepared by accelerated solvent extraction and standard column cleanup procedures using silica gel and Florisil. Gas chromatography with electron-capture detection was used for the determination of PCBs. Gas chromatography/mass spectrometry with electron-impact ionization and methane negative ion chemical ionization were used for the detection of PAHs and the chlorinated compounds, respectively. PAHs were detected in nearly all samples, with a total concentration ranging from 0.14 to 209 µg/g (median 3.65 µg/g) on a dry weight basis. Phenanthrene, fluoranthene and pyrene were present at the highest concentrations, with medians ranging from 0.56 to 0.58 µg/g. PCBs were also found in all samples, with a total PCB concentration ranging from 31 to 323 ng/g. The most abundant PCBs (congeners 52, 101 and 110) had median concentrations of 12 ng/g or above. While pentachlorobenzene and hexachlorobenzene were observed in all sludge, at low ng/g levels, no other less chlorinated benzenes have been detected in the same samples. Octachlorostyrene was only found in the Ontario samples, with concentrations ranging from 0.3 to 11.5 ng/g (median 0.9 ng/g). For the chlorinated insecticides, only p,p'-DDE, α-and γ-chlordane were found on a more regular basis, with median concentrations of 12.0, 0.4 and 0.8 ng/g, respectively. These results suggest that the above toxic chemicals are occurring in Canadian sewage samples and are persistent enough to survive the existing sewage treatment processes.
Introduction
In the last forty years or so, environmental agencies around the world have put in a lot of effort in the monitoring and surveillance of priority pollutants in the environment. The most notable ones are those bases, neutrals and acids included in the U.S. EPA Method 625. The occurrence of such persistent, bioaccumulative and toxic chemicals in the environment is an important issue as they can adversely affect ecosystem and human health. The persistence of these ubiquitous contaminants is illustrated by the recent reports of polychlorinated biphenyls (PCBs) and chlorinated insecticides found in biota as well as sediment and wastewater samples (Rogers 1996; Pham and Proulx 1997) even though the application of many of these chemicals has been curtailed for at least 25 years.
Hundreds of organic contaminants, derived from domestic and industrial wastes, have been identified in municipal influent and effluent (Paxéus 1996) . Examples of such compounds are alkylphenols and their ethoxylates, phenols, fatty acids, phthalate esters, as well as PCBs, chlorinated insecticides and polycyclic aromatic hydrocarbons (PAHs). It has been shown that nonvolatile hydrophobic chemicals with log Kow values greater than 4 would have a greater tendency to be adsorbed onto sludge solids if they can survive the anaerobic and aerobic degradation during sewage treatment processes (Schnaak et al. 1997) . Indeed, the occurrence of all of these environmental contaminants in sewage sludge has been documented (Wild et al. 1990; Alcock and Jones 1993; Paulsrud et al. 2000; Langenkamp and Part 2001; .
Identification of the sources of environmental contaminants is often a first and important step for the abatement of pollution. There was evidence to suggest that wastewaters occurring from the commercial laundries and a few chemical industries were the major sources of nonylphenol and its ethoxylates, 4-tert-octylphenol and bisphenol A in sewage (Lee et al. , 2004 . Some potential sources of PCBs, PAHs and chlorinated insecticides going into the sewage system are listed in Table 1 .
Many PAHs including benzo [a] pyrene are known or suspected mutagens and carcinogens (WHO 1998) . The toxicology and human and environmental health impacts of PCB mixtures have been discussed (Safe 1993) . Furthermore, environmental pollutants such as PAHs, PCBs and a variety of chlorinated insecticides have demonstrated endocrine disruption in wildlife (Tyler et al. 1998) . As a result, the fate of toxic and persistent organics in sewage sludge following land or agricultural soil spreading has become an environmental concern. Leaching of the organics leading to surface and ground water contamination is one real possibility (Wilson et al. 1996) . The potential uptake and bioaccumulation of sludge-borne xenobiotics by crops and plants and the subsequent transfers of the contaminants to wildlife, grazing animals and humans are also potential issues (O'Connor 1996) . However, there are insufficient data regarding the levels of toxic organics in Canadian sewage sludge samples in order to address these questions. Earlier, we have reported the occurrence of phenolic compounds having endocrine-disrupting properties in Canadian sewage sludge samples . In this report, the levels of PAHs, PCBs and some selected chlorinated compounds in the same samples are presented.
Experimental

Sample Collection
Grab samples of sewage sludge, in volumes from 1 to 4 L, were collected from 25 Canadian sewage treatment plants (Table 2 ; one in British Columbia, three in Alberta, two in Saskatchewan, 14 in Ontario, three in Quebec, one in New Brunswick and one in Nova Scotia) by their own personnel and shipped to our laboratory by courier. Excess water in each sample was decanted and the resultant thick slurry was air-dried at room temperature. The dry sludge was then crushed and mixed with a micro-mill (Bel-Art Products, Pequannock, N.J., U.S.A.) and the powder was sieved through a 100-mesh screen. The oversized fraction was either returned for further blending or discarded. Pulverized samples of sewage sludge were stored in tightly closed glass jars with Teflon-lined screw caps at room temperature. Most of these samples have been archived at room temperature for a period between three and five years before analysis.
Chemicals and Reagents
PAHs were obtained from Aldrich and Supelco. Individual stock solutions of PAHs were prepared in toluene at 1000 or 500 µg/mL and a calibration mixture at 200 pg/µL was prepared in iso-octane. PCB congeners were obtained from Ultra scientific and their stock solutions and calibration mixtures were also prepared in isooctane. A certified solution, MISA-230, available from Ultra Scientific was used as a standard for chlorobenzenes and octachlorostyrene (OCS). Stock solutions of chlorinated insecticides, in iso-octane, were prepared from reference standards supplied by U.S. EPA. 
Extraction of Sludge Samples
Sludge samples were extracted by the accelerated solvent extraction procedure for solid waste (U.S. EPA Method 3545A, 1998) using a Dionex ASE 200 extractor. Typically, 1.0 to 2.5 g of a sample in a 22-mL stainless steel cell was extracted with DCM and acetone (1+1 mixture, v/v) in three cycles. The oven temperature was 100°C and the pressure was 12.7 MPa. The oven heat-up time was 5 min, and the static time was 10 min. Flush volume was 75% of the extraction cell volume. The extract was concentrated to 5 mL in hexane for cleanup. As a part of inhouse quality assurance, a duplicate extraction and a procedure blank were carried out on every eight samples.
Cleanup of Sample Extracts
The entire sludge extract was cleaned up on a 5-g fully activated silica gel column. Two elution fractions, namely, 40 mL of hexane and 60 mL of a 50/50 mixture of DCM and hexane were collected. Because of the amount of coextractives present in the extracts, these fractions were later combined and concentrated to 5 mL in hexane for further cleanup. One-half of the extract was cleaned up on a 5-g activated Florisil column that was eluted with 50 mL of a 25/75 mixture of DCM and hexane. This fraction was concentrated and exchanged into 1 mL of iso-octane for the analysis of PCBs and the other chlorinated compounds. The other half of the extract was applied on a fully activated silica gel column that was eluted by 50 mL of a 40/60 mixture of DCM and hexane. This fraction was concentrated to 1 mL in iso-octane for PAH analysis.
Analysis of PAHs
PAHs in sludge extracts were analyzed by gas chromatography/mass spectrometry (GC/MS) with selected ion monitoring (SIM) in the electron-impact mode. The analyses were performed by a Hewlett-Packard 6890GC equipped with a 5973 Mass Selective Detector (MSD), a model 7683 autosampler and a 30 m × 0.25 mm ID × 0.25 µm film thickness HP-5-MS column. The initial oven temperature at 70°C was held for 1 min and then it was raised to 120°C at 30°C/min, then to 280°C at 4°C/min. Helium was used as carrier gas, with a constant flow rate of 1 mL/min. Before the analysis, each sludge extract was spiked with a mixture of six deuterated PAH internal standards, namely, naphthalene-d8, anthracene-d10, pyrene-d10, chrysene-d12, benzo[a]pyrened12, and benzo [ghi] perylene-d12 to a concentration of 200 pg/µL. An iso-octane solution of the 16 PAHs (U.S. EPA Method 610), together with benzo[e]pyrene, perylene and the six internal standards was made up at 200 pg/µL each, and used as a calibration standard. The characteristic molecular ion for each PAH was used for quantitation. For other details of the method, please refer to Lee et al. (1993) .
Analysis of PCBs
PCB congeners in sludge extract were analyzed by highresolution gas chromatography with electron-capture detection (GC/ECD). The analyses were performed by a Hewlett-Packard 5890 GC equipped with a model 7673 autosampler, a Ni-63 electron-capture detector, and a 60 m × 0.25 mm ID × 0.25 µm film thickness HP-5 column. The initial oven temperature at 70°C was held for 1 min and then it was raised to 160°C at 30°C/min, then to 275°C at 2°C/min. The final temperature was held for 10 min. Hydrogen was used as carrier gas, with a constant flow rate of 1 mL/min. A mixture of the 17 PCB congeners, each at 10 pg/µL in iso-octane, was used as a calibration standard for quantification. Samples were injected and analyzed twice to ensure reproducibility.
Analysis of Chlorobenzenes and Chlorinated Insecticides
Sludge extracts were first screened for the presence of chlorinated compounds by GC/ECD using a 30 m × 0.25 mm ID × 0.25 µm thickness HP-5 column. They were then analyzed by the same GC/MS system used above for PAHs. However, detection of the compounds was performed in the negative-ion chemical ionization mode with methane as the reagent gas. The initial oven temperature at 70°C was held for 1 min and then it was raised to 160°C at 30°C/min, then to 275°C at 5°C/min. The ion source and quadrupole temperatures were both set at 150°C. SIM was again used for the positive identification and quantification of the following compounds: pentachlorobenzene (PeCB, m/z 248, 250 and 252), hexachlorobenzene (HCB, m/z 282, 284 and 286), OCS (m/z 308, 310 and 378), lindane (m/z 253, 255 and 257), α-and γ-chlordanes (m/z 408, 410 and 412), p,p'-DDE (m/z 316, 318 and 320), p,p'-DDD (m/z 318, 320 and 322) and p,p 318 and 320) . Samples were again injected and analyzed twice to ensure reproducibility.
Results and Discussion
PAHs in Sewage Sludge
The occurrence of PAHs in sewage sludge has been reported in the past (Hagenmaier et al. 1986; Wild et al. 1990; Pérez and Barcelô 2001) . PAHs accumulate in sludge due to their low solubility and biodegradability. In this work, extracts of a total of 35 municipal sewage sludge samples collected from 21 cities were analyzed for 18 PAHs. They included the 16 PAHs in the U.S. EPA priority pollutant list (Method 610), together with benzo[e]pyrene (BeP) and perylene (PER). The levels of these PAHs, at µg/g on a dry weight basis, are given in Table 3 .
As for the individual PAH, acenaphthene (ANT) was the least frequently detected hydrocarbon, as it occurred in only 15 samples, with concentrations <0.1 µg/g in all but two cases. The other more volatile PAHs such as naphthalene (NAP), acenaphthylene (ANY) and fluorene (FL) were mostly detected at lower concentrations (<0.2 µg/g) in sludge samples. Low concentrations observed for the above four PAHs were likely the results of volatilization and quicker biodegradation of the 2-and 3-ring PAHs occurring in the original samples (Wild and Jones 1993) and, to a lesser extent, evaporative losses incurred in the sample preparation procedures (Lee et al. 1993) . The most abundant PAHs in sewage sludge are phenanthrene (PHE), fluoranthene (F) and pyrene (PY), with median concentrations of 0.57, 0.58 and 0.56 µg/g, respectively. Meanwhile, benzo[a]anthracene (BaA), chrysene (CHR), benzo [b] fluoranthene (BbF), as well as BeP were detected at slightly lower levels, with median concentrations ranging from 0.20 to 0.35 µg/g. Lower, yet still significant, concentrations of the 6-ring PAHs such as indeno[123cd]pyrene (IP, median 0.13 µg/g) and benzo [ghi] perylene (BP, median 0.18 µg/g) were also found in those samples.
PAHs have been detected in all the sludge samples included in this study, with the exception of the two collected from STP V and Y. The raw sludge from STP W in Quebec also had very low (0.14 µg/g) PAH contents. In contrast, the sample collected from STP K was the most contaminated, with a total PAH concentration of 209 µg/g. In the latter case, loadings of wastewaters and deposition of airborne PAH-containing particulates generated from the nearby heavy industries into the sewage systems were likely to be the major contributors to the severe contamination by such hydrocarbons. The overall total PAH concentrations ranged from 0.14 to 209 µg/g (median 3.65 µg/g) for this set of samples. If the highest and the lowest concentrations were excluded, a range from 1.04 to 28.7 µg/g was observed. These numbers are very similar to the total PAH values (range 0.7-30 µg/g, median 3.9 µg/g) reported by Paulsrud et al. (2000) on some Norwegian sludge samples. Due to a volume reduction and concentration effect in the secondary treatment, the total concentrations of the persistent PAH observed for the digested sludge was invariably higher (by a factor of 1.5 to 7.4) than the raw sludge, whenever there were a raw and a digested sludge collected from the same plant and on the same day.
PCBs in Sewage Sludge
Sewage sludge extracts were also analyzed for 17 PCB congeners. They included two trichlorobiphenyls (PCB 18 and 28), two tetrachlorobiphenyls (PCB 44 and 52), five pentachlorobiphenyls (PCB 87, 101, 105, 110 and 118) , four hexachlorobiphenyls (PCB 128, 132, 138 and 153) , three heptachlorobiphenyls (PCB 170, 180 and 190) and one octachlorobiphenyl (PCB 194) . The above congeners were chosen for this study since they represented the major PCB components occurring in sewage and other environmental samples (Pham and Proulx 1997) . As PCB 170 and 190 coelute on our 60-m HP-5 column, the combined concentrations of these two congeners were reported.
PCBs were detected in all 35 sludge samples, with total (as of the 17 congeners) concentrations ranging from 31 to 323 ng/g (median 96 ng/g) (Table 4) . Again, whenever there were a raw and a digested sludge collected from the same plant and on the same day, the total PCB concentration occurring in the digested sludge was at least similar to but more often higher (up to 400%) than that found in the corresponding raw sludge. The most abundant PCB congeners in this set of sludge samples were PCB 52, 101 and 110, with median concentrations, on a dry weight basis, of 13.9, 12.8 and 12.0 ng/g, respectively. They were followed by PCB congeners 28, 44, 87, 118, 138 and 153, which had median concentrations ranging from 5.4 to 8.5 ng/g. The median concentrations of PCB congeners 132, 105, 128, 180 and 170/190 were <4 ng/g. PCB 194 was undetected (detection limit, 0.5 ng/g) in all samples.
Our PCB results are lower than those reported by Alcock and Jones (1993) for 12 digested sludge samples collected in England. In their case, the total (as of 30 congeners) PCB concentrations ranged from 106 to 712 ng/g (mean 292 ng/g). Reasons for the higher overall PCB contents in the U.K. samples were likely to be the larger number of PCB congeners that they have monitored and the fact that they were all digested sludge. The PCB congeners present in the greatest abundance in the U.K. samples were congeners 149, 170, 101, 110 and 180, with mean concentrations of 19, 18, 16, 14 and 13 ng/g, respectively.
Persistent Chlorinated Compounds in Sewage Sludge
In our survey of chlorobenzenes in sewage sludge, pentachlorobenzene (PeCB) and hexachlorobenzene (HCB) were consistently detected in all samples (Table 5) . Without an exception, HCB was the more abundant compound in sludge, with a concentration range from 0.3 to 54.5 ng/g (median 2.5 ng/g). For PeCB, the concentrations were ranging from 0.1 to 7.4 ng/g (median 0.5 ng/g). In contrast, tetrachlorobenzenes, trichloroben- zenes and dichlorobenzenes have never been detected (detection limit 0.1, 0.1 and 1 ng/g, respectively) in any of the 35 samples. Our results were very different from those reported by Rogers et al. (1989) in a study of the occurrence of chlorobenzenes in U.K. sludge. In their case, dichlorobenzenes (DCB) were found at the highest concentrations among all chlorobenzenes and there was a trend of reduction in concentration with increasing chlorine substitution. A plausible cause for the discrepancy in the results was how the samples were prepared for extraction. In the work by Rogers et al. (1989) , freshly collected and dewatered sludge samples were extracted after a short storage period. Archived sludge samples that have been air-dried and stored for up to a few years were used in our study. Therefore, losses of the more volatile chlorobenezenes, particularly DCB, could have happened. In this respect, our chlorobenzene results were likely to be biased low. Sludge extracts were also analyzed for octachlorostyrene (OCS), which was only found in nine samples collected from STPs located in Ontario. In those samples, the concentrations of OCS ranged from 0.3 to 11.5 ng/g (median 0.9 ng/g). The sample collected from STP L, which had the highest level of OCS, also happened to have the highest concentrations of HCB and PeCB.
Only six organochlorinated insecticides, namely, lindane, α-and γ-chlordanes, p,p '-DDE, p,p'-DDD and p,p'-DDT were determined in the sludge extracts. p,p'-DDE was found in nearly all (32 out of 35) samples, with concentrations ranging from 3.9 to 21.7 ng/g (median 12.2 ng/g). The chlordanes were also found frequently in sludge samples. For instance, α-chlordane occurred in 30 of the 35 samples, with concentrations ranging from 0.2 to 4.6 ng/g (median 0.7 ng/g). Similarly, γ-chlordane occurred in 22 of the 35 samples, with a concentration range from 0.1 to 4.4 ng/g (median 0.4 ng/g). In contrast, lindane was only detected in four samples, with concentrations from 0.6 to 6.2 ng/g (median 0.9 ng/g). The other two insecticides, p,p'-DDD and p,p'-DDT, have not been detected in any samples (detection limit 0.1 ng/g).
Conclusions
Toxic chemicals such as PAHs, PCBs, penta-and hexachlorobenzenes, as well as several chlorinated insecticides have been found in nearly all sewage sludge samples collected across Canada. Further study is required to ascertain the sources of the ubiquitous PCBs and p,p'-DDE, a major metabolite of the insecticide p,p'-DDT, as their applications in Canada have been phased out for years. While most of these chemicals are occurring at low ng/g levels, there is always a potential for these persistent chemicals to become available to plants, farm animals and wildlife as a result of spreading of sewage sludge to agricultural soil (Beck et al. 1996) . These chemicals can also adversely affect human health if they ever enter into the food chain or leach and cause groundwater contamination. Further research on the toxic effects and risks to human health associated with land applications of these contaminated biosolids (sewage sludge) is required so that guidelines limiting the amount of the above toxic chemicals in sewage sludge applied to agricultural land can be established.
